
N7678029 
I11111111 111 11111 11111 11111 Ill11 11111 11111 1111 1111 

I 



APPENDIX B . 

STRUCTURAL AND DYNAMICS 
DESIGN INFORMATION RELEASES (DIR) 

CONTENTS 

T 143 - DIR -2  - 02 

T143 - DIR - 2  -06 

T 1 43 - DIR - 2 -0 8 

T 143 - DIR - 2 - 09 

T 1 4 3  - DIR - 2- 1 2 

T 143 - DIR - 2 - 17 

T143 -DIR - 3  - 1 

C o m p a r i s o n  of VMSC NASTRAN Leading Edge 
T h e r m o e l a  s t i c  Equi l ibr ium vs NASA,! MSC 
NASTRAN 

P h a s e  I11 "Fail Safe" Leading Edge M a t e r i a l  Des ign  
Allowable s 

Phase ,111 Oxidized Leading Edge S t r u c t u r a l  Analys is  

P h a s e  I11 Fail Safe Leading Edge S t r u c u t r a l  
Analysis 

Ultimate Sta t ic  Loads  Distr ibut ion and  P r e l i m i n a r y  
Canted H/S P a n e l  Analysis  - Leading Edge Support  
S t r u c t u r e  

Leading Edge Support  Structure Strucutral Analys is  

Dynamic  Analyses  and  Tes t ing  of t h e  Shut t le  Wing 
Leading Edge T h e r m a l  Insulat ion S y s t e m  



DESIGN INFORMATIQN --RELEASE ) ( 7 + - I O n  3 
ODCL (11 AND Err. 01 R e  .NO. REV. 

COMPARISON OF VMSC NASTRAN LEADING EDGE T143-DIR-2-02 
DATE: P A Q E  or 

THERMOELASTIC EOUILIBRIUM VS. NASA/MSC NASTRAN 5-1 6-72 1 I 7 
8 Y l T r W  RCt. 9.01 NUMBCR 

- d A .  Forcht ( 3 ) ,  G. B. Whisenhunt 
ESlGti INFORhl ATIONI 

Ref. (A): D I R  No. T143-DIR-2-01, "Verification of Leading Edge Thermo- 

- - - ~ .  elastic Equilibrium - Phase II", dated 3 May 1972. - - _ _ _ - - ~ - -  ~ - -  -- 

PURPOSE: The purpose of t h i s  D I R  i s  t o  show a comparison between a VMSC NASTRAN Leading 

Edge s o l u t i o n  and __ a NASA/MSC NASTRAN s o l u t i o n  -- t o  the same problem. VMSC -. i s  

-- - _---------- --- 

_-_____--____ c u r r e n t l y  using Level -- 11.1.4 NASTRAN and MSC i s  -- using Level -- 12.1 NASTRAN. Level - 

11 - .l .4 NASTRAN i s  a MacNeal -Schwendl e r  Cop. __ development and i s  approximately - 

two years newer ___- than Level 12.1. -- - - ---_ -- -----.------ -_____--_ - 

SUMMARY; The Level 11.1.4 s o l u t i o n  shows.externa1 equ i l ib r ium (Ref. A. Sheets 3 and 4 o f  

t h i s  D I R ) .  -- The Level 12.1 s o l u t i o n  does N v i e l d  a balanced s o l a i o n  ( r e f .  

A s im i la rcompar ison o f  a s t a t i c  loadproblem, w i t h  no thermal loadings, y i e l d s  

the  ------- i d e n t i c a l  r e s u l t s  f o r  both l e v e l s  o f  _-----.I_-- NASTRAN, NASA/MSC's 12,l  and VMSC's -- 

--___---- ----- ---- a 11.1.4. - 
I 
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(2 1 
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-1 2.5 
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Y 
In. 

0 
- 
1.31 

3.06 
4.68 
6.55 

11.18 

13.68 
16.12 

18-37 
20 77 
23.95 

a .aa 
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15.0 

15 .O 

15.0 - 
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:n/Lbs 

0 
7 

-183 b 
28. 
53 
98. 
497 0 

-394 
1147. 
3262. 

402. 
2081. 
-352 

498. 

36 9 

-188. 

-344. - 

M U 1 1  - FoRCEANDMCMENTEQUIIJCBRNM 
(Ref. Figure 1 and Table I)  

VMSC NASTRAN LEVEL 11.1.4 SOLUTION (REF. A ) *  - 

- 
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(I.) +33.35) COS 6-25 == 33.1 
2) 22.10 (sin 6.25) = 2.4 , 

5) 33.35 sin (6.25) (15.0) = 54.0 
6) -22.1 (COS 6.25) (15.0) =-?g.O 4885 
7) 36.rC3 (cos 5 i o >  (is.@) = 344.0 
6) -16.01 (sin 51") (15.0) =-187.O 
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Y 
In. 

0 
1.31 
3.06 
4.68 
6.55 
8.88 

11.18 
13.68 
16.12 
18.37 

55 222.74 20.77 
60 -88.13 ' 23.95 

I 

1 

TABLE I V  - RCF AND MOMENT EOUILIBRIUM 
( R e f L t e  7 and T W I T 1 1  

MSC NASTRAN LEVEL 12.1 SOLUTION 

Mx 
In /Lbs .  

0 
443.34 

-588.65 
-444.6 
137.68 
372.52 

-486.44 
1926.8 

-3721.3 
-165.3 
4626.3 

-2110.7 

7 

MR 
Me 

I n/Lbs . 
31 1.76 

-206 .O 

FORCE Y 
' LBS. 

i I 61 !(%98.3 115.0 16I9:74.O 

(---.. : 

5 -106.11 j 10 338.43 
15 -192.37 
20 j -95.0 
25 21.02 
30 41.95 
35 -43.51 

I 40 140.85 
I 45 -230.85 

I 

1 50 -9 .o 

-41.6 
-152.7 

1 1(2) i 1002.8 15.0 

62 1-3508.8 15.0 

i .- _---_ -3624.8 15.0 
(4 1 

15,042.0 -58.36 

-52,500. , 116.2 

,-54,500. i -6129 
I 

(+) 22,916 
(-) 176,268 

ZFy =-10,229 LBS. 

E: %h = -153,352 In Lbs. 
(1) -(4123.0) ~ 0 ~ 6 . 2 5  =-4098.3 
(2)  (9200) sin6.25 = 1002.8 
(3)  (-4510) sin 51 = -3508.8 
(4)  (-562) COS 51 = -36241;8 
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RLVm DIU. .NO* >iCL (8 )  AND EFFe 

T143-DIR-2-06 
DATE I PAGE O F  

PHASE I11 "FAIL SAFE" LEADING WE MATERIAL 

[rY@TrM 
DESIGN ALLOWABLE5 June 9.1972 I 1 1 10 

UICC. 0.0. NUMBER 

I I 3357 AA 1160 
Fill in block below for Information Roquert Fill in block below for Information Roleore 

-- - IN REPLY TO DIR. NUMEVR 

REL, TO D.  M .  While 

W .  E. Agan 
PREPARED BY DATE 

Q, BY 
ASON 

PROJ OFFICI D A T h  
VONLY BWR BUWEPS c] 

I .  E. H a r d g L T .  K. Henrv, E.  C .  Matza, H.  I .  Kniaht, 8. A.  Forcht. G .  B. -t 

REFERENCE:  ( A )  __------ Phase I1 Test Data from Southern Research - unpublished t o  d a t e .  

-___.-- - ( B )  VMSC Materials -- & Processes Laboratory not&ook - unDub1 i _ s h _ e d . -  

SIGIi  INFOR~ATICb;: 

--_-__- IC) VMSC F i n a l  Oral P resen ta t ion  a t  NBSBIMSC QII 70 April 1973. 

I (D) Determination o f  Shear Modulus. In-Planefor RPP-3. T143-TRA-02&,_ - 

-- - - dated  5/11/72. ~- --- 

L 
- Results of Determination of Shear Modulus. In-Plane f o r  RPP 3 (E) 

T143-TIR-2000J,&&&.fiB~,- --___ _- 

(F) Phase I1 Final  Report VMSC No. T143-5R-00124 -- dated 30 April 1972. - - -- 

URPOSE : , T h e . u L M s  D I R  i s  t o  rdease RPP - 3 mater ia l  desian a 1 ~ r u a . h . k  tn  

be used i n  the Phase I11 "Fai l  Safe"  Leadincl Edge s t r u c t u r a l  andysis. 

of a "Fai l  Safe"  Leadinq Edqe requires d a t a  on both c o a t e  h a n d b a r e  material. ____--I 

The philosophy 

- - -- ----- 

________ ~ __-- --- DISCUSSION : 

The-e_nclosed mater ia l  properties a r e  the results o f  Phase I1 Leading_EBge 

-7 __--- testing done both a t  VMSC and Southern Resear-chJnstitute.Thedathpnints are.  

upon one t o  t h r e e a z t q  o f  13 Dlv thickness -onlv.RPPDronPrti es vary w i  t h  t h i  Ckne L-- 

-- Extrapol a t i o n  o f  material.qropertieL_above a n d b e l o w t h e 3 m h i c k n e s s  i s  hns e - L  --- 
upon enqi neeri nq .iudqmCn& gained tllrouah numerous Aaracterim*sLpflQrAQ--.--- 



. .  . .  
T143-DIR-2-06 
Page 2 

and during Phases I and 11. 

b u t ,  based on a limited s ta t is t ical  analysis, Reference ( C ) ,  conservatively represen- 

tative of final s ta t is t ical  design allowables t h a t  will be used i n  actual f l igh t  

hardware design. 

Accordingly, the d a t a  published herein i s  preliminary 

A l i s t  and discussion of the enclosed figures is  given below. 

FIGURE 1 - Elastic Moduli versus No. o f  Ply - Bare RPP-3 

These curves present typical room temperature Young's Modulus for com- 

pression, tension, and flexure i n  the warp direction for 13 ply bare RPP-3. The 

single d a t a  points were obtained by Southern Research Insti tute (SRI) as  control 

specimens during Phase I1 Leading Edge testing, Reference ( A )  and (F). The shrpe of t l  

curves were determined from modulus d a t a  which was previously generated 

from several d a t a  points by in-house testing, Reference ( B ) .  The in-plane shear 

modulus was determined by in-house testing, Reference ( D )  and ( E ) .  The shear tes t  

specimen was coated 13 ply RPP-3 and the shear modulus was increased for the bare 

material by the ratio between bare and coated Young's Modulus in both tension and 

compression which i s  1.30. 

RPP-3 and i s  estimated t o  be the same for b o t h  coated and bare material. The elastic 

properties i n  the f i l l  direction are approximately 75% of the warp direction pro- 

perties¶ except the shear modulus which, because of i t s  matrix dependency, i s  the same 

in either direction. The 75% relationship for elastic properties was derived from 

the SRI t e s t  d a t a .  

FIGURE 2 - Elastic Moduli versus No. o f  Ply - Coated RPP-3 

Poisson's ratio was determined by SRI for coated 13 ply 

These curves present typical room temperature Young's Modulus for com- 

pression, tension, and flexure i n  the warp direction for 13 ply coated RPP-3. 
points are based on three tests each and were  obtained by SFU, except in-plane shear, 

during Phase I1 Leading Edge testing, References (A) and (F). The shape of the curvee 
were determined by ratio of the bare modulus data of Figure 1 which was previously 

generrted from seyeral , b t a  points by- in-house testing, Reference (B). 

Thedatr 
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The in-plane shear modulus was determined for 13 

ply coated RPP-3 by in-house testing, Reference (D )  and (E). Poisson’s ratio was 

determined by SRI for coated 13 ply RPP-3. 

direction properties are equal t o  75% of the warp direction properties, except shear 

modulus. 

Similar t o  the bare d a t a ,  the f i l l  

FIGURE 3 - Coated and Bare Strength versus No. of Ply 

The da ta  for  the strength curves were obtained from SRI’ Phase I1 LeadingEage 

testing, References (A) & (F)and early in-house testing, Reference ( B ) .  All curves 

and d a t a  are based on typical room temperature values d iv ided  by 1.5. 

reduction factor provides a design allowable approximately 10% lower t h a n  a “99/95” 

s ta t is t ical  design allowable projected from preliminary, b u t  representative, flexure 

d a t a  gathered during Phase I1 characterization testing, Reference ( C ) .  

flexure d a t a  points a t  5 and 9 ply were obtained dur ing  early in-house Phase I1 RPP 

inventory testing, Reference (B ) .  These da ta  along w i t h  SRI data a t  13 ply were used 

t o  establish the shape of the flexure strength versus number of ply curve. T h i s  shape 

was ratioed to obtain the etrength curve6. 

shear, the f i l l  direction properties are equal t o  60% of the warp direction properties. 

The  60% r e l a t i o n s h i p  for s t r eng th  properties was d e r i v e d  from the SRI t e s t  da t a .  

The bare in-plane shear strength was not  determined by tes t  b u t  was increased from 

the coated tes t  data by the minimum r a t i o  of bare t o  coated strength for tension and 

flexure, which was 1.2.  

FIGURE 4 - Elastic Moduli ver6ua Temperature 

The 1.5 

The bare 

I‘ 

For a l l  strength data, except in-plane 

__ - -- . -  - - -  

n e s e  curves show typical value e last ic  moduli in  compression, tension, and 
flexure for coated RPP-3 as a function of temperature. The test data, References (A) and 
(F), is for warp direction material 13-ply thick. The fill direction moduli are equal t o  
75$ of the warp direction moduli, 
may be ratioed by the thickness-modulue relationship in  Figure 2. 

For thicknesses other than l3-ply, the data i n  Figure 4 
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FIGURE 5 - Strength v-rsUcI Temperature 

Curves showing warp direct ion flexure, canpression and tension s t rengths  
versus temperature are preeented In  Rigure 5 for l3-ply coated RPP-3. 
i n  Figure 3, theee data, Reference6 (A) and (F), have been divided by 1.5 t o  account 
f o r  s t rength reductions required t o  achieve "99/95" design allcnables. The f i l l  direct ion 
strengths are equal t o  60$ of the warp direct ion strengths.  
l3-ply, the  data i n  Figure 5 m y  be rat ioed by the thickness-strength relat ionship i n  

Similar t o  the data 

For thicknesses other than 

Figure 3. 

FIGURE 6 - Interlrminar Strength versus Teaperature 

Inter luninar  shear and tension strength a t  room and elevated temperature 

The 13 is presented i n  Figure 5. Again, a11 data a re  typ ica l  values divided by 1.5. 
ply RPP-3 coated specimens were t e s t ed  by SRI, Reference (A). Becauee of t he  s ingle  
plane in t e r l amina r  mode of f a i l u r e  wi th in  the mntrix material, theee data are applicable 

t o  all thicknesses of RPP-3, coated or bare. 
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7 - 2 k - ,  DESIGN INFORMATION-- RELEASE 
RIV .  I HODIL (8)  AND IFF. I DI RI .NQ. 

mission - o f  maximum heat load and s t r u c t u r a l  load t r a j e c t o r i e s .  

leading edge i s  s ized  such t h a t  ox ida t ion  dur ing en t r y  w i l l  reduce the  panels t o  a minimi 

Thus, t he  t h i c k  laminate 

PHASE I11 OXIDIZED LEADING EDGE STRUCTURAL I T143-DIR-2-08 1 
I DATE I P A O S  OF 

ANALYSIS v 73. I 1 I 2 
(SY8TEM REF, 0.0. NUMBER I 

E. C. Matza, B. A. Forcht, H. I. Kn 
DESIGN INFORMATION: 

T143-DIR-2-06, dated 9 June 1972. 
1 

(B )  Phase I11 "Fa i l  Safe" Leading Edge S t ruc tu ra l  Analysis, I 

T143-DIR-2-09, dated 28 Ju ly  1972. 

( C )  Space Shu t t l e  Wing Leading Edge Design C r i t e r i a ,  Phase 111, 

T143-5R-00060, dated 19 May 1972. 

(D) Ablat ion Analysis o f  Bare RPP Shu t t l e  Wing Leading Edge, 

, 

- T143-DIR-2-03, dated 5 June 1972. 

PURPOSE: The purpose o f  the D I R  i s  t o  document the  s t a t i c  and buck l ing  analys is  f o r  

the  "oxidized" leading edge panel f o r  c ru i se  load condi t ions.  The "Fa i l  Safe" leading 

edae i s  evaluated i n  Reference [ B I .  

a f t e r  ent rv .  - 
0-82042 R l  



LOCATION 

Rib 

Spars 

Skin 
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MATERIAL 

Coated 

Coated 

Bare 

RPP-3 

RPP-3 

RPP-3 

NO. OF 
PLIES 

12 

20 

8 

1 

1.04x106q 6 0.94x106 6 a 2 0  -15 

-20 -15 

, (0 .94x10 ) (  .20)( .15) 

t = thickness (inches) 
w = warp direction 
f = f i l l  direction 
V = Poisson's ratio 

Ew , E f ,  G = membrane properties. Flexure properties shown in 
parenthesis. 

The maximum loads, t o  which the "oxidized"pane1s will be exposed, occur f 

a 2.5 g pullout maneuver while operating in the aircraft  mode, Reference ( C ) .  

account for the venting lag effects while ascending o r  descending, + 0.5 psi and - 0. 

were added t o  the maneuver pressure loads, Reference ( C ) ,  t o  produce two load cases. 

Case I refers t o  the + 0.5 psi venting lag condition and results i n  an  overall collap 

load.  

overall burst load. 

To 

Load Case I1 refers t o  the - 0.5 psi venting lag condition and results in  an 

Pictorial plots of the applied loads appear in Figure 1. 

The leading edge was modeled and analyzed using the NASTRAN computer roul 

Figures 2 and 3 are computer plots showing the overall model geometry. The model i s  

comprised of quadrilateral membrane and bending elements. Figure 4 shows the load ar 

stress capabi l i  t y  of the elements . The skin elements are nominal ly 1 inch square whi 

the r i b  and spar elements are an average 1 inch by 0.4 inch. The elements themselves 

comprised of superimposed membrane and bending elements. The membrane elements are i: 

tropic allowing bo th  warp and f i l l  properties t o  be used. The properties used are tt 

membrane tension properties from Reference ( A ) .  The bending elements are also anis01 

and use the flexure material properties from Reference ( A ) .  In both cases, f i l l  ela! 

properties are 75% of the warp el as t i c  properties . 



Panel deflection a t  limit load was arbitrarily 

T143-DIR-2-08 
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imited t o  the net loca 

thickness. Using this limitation as a design criterion, the structure is  deflecti 

rather than stress,  c r i t i ca l .  

Plots o f  the deflected shapes a t  the rib and a t  the panel centerline appear i n  Fig 

The maximum panel deflection occurs a t  the panel centerline just forward of the l o  

spar, and is  equal t o  .050" a t  limit load. The local thickness is  0.104 inches ( E  

An estimate o f  the deflection a t  7 and 6 plies indicated a m i n i m u m  thickness of 7 

may be achieved; however, the additional analyses for one ply (0.095 lb / f t  ) was I 

This accounts for the high margins in a l l  areas. 

2 

warranted. 

Table I summarizes the maximum stresses , their locations, and their 

associated margins of safety. The maximum rib tensile stress, Reference Figure 6! 

540 psi. This stress occurs a t  the junction of the rib and the skin just forward 

the lower lug area. The maximurn rib compression stress of 500 psi occurs a t  the 5 

point just forward of the upper l u g  area. The r i b  tension allowable, Reference ( I  

is  5400 psi. 

M.S. = + 9.0 ULT 5400 - M.S. = - 540 

The upper spar cri t ical  stress is  a compressive stress of-950 psi, 

Reference Figure 7 ,  and occurs a t  the inside edge o f  the spar a t  the panel center' 

Reference Page 13. The allowable compressive stress is  8700 psi, Reference ( A ) .  

8700 - M . S .  = - 9 50 M.S. = t 8.16 ULT 

Critical stress for the lower spar is  tensile, Reference Figure 7, an( 

a t  the inside edge a t  the panel centerline, Reference Page 13. This stress is  ll! 

The tension allowable for the 20 ply, coated spars i s  6100 psi, Reference ( A ) .  

M.S. = - 6100 - M.S. = t 4.13 LILT 1190 
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The maximum skin tensile stress occurs a t  the panel centerline0.3 in. for 

of the lower spar and acts i n  the spanwise direction, Reference Figure 8. The stres 

i s  581 psi, which for a membrane tension allowable of 6700 psi, Reference ( A ) ,  gives 

a margin of safety of: 

6700 - M . S .  = - 581 M.S. = + 10.5 ULT 

The maximum skin axialtflexure stress,  Reference Figure 9 ,  occurs a t  a 

p o i n t  just ahead of the maximum tensile stress,  Reference Page 13, and has a value 

of - 840 psi. The flexure strength for 8 ply bare material is 11,000 psi and the 

compression allowable i s  - 5500 psi , Reference ( A ) .  

M.S.  - - (, k92 + - 248)- 1.0 M.S. = + 9 
1 1,000 5500 

The maximum skin shear stress of 960 psi, Reference F 

adjacent t o  the lower spar and the lower lug area, Reference Page 

shear strength for 8 ply, bare RPP-3 i s  2400 psi, Reference ( A ) .  

2 ULT 

gure 0 ,  occurs 

13. The in-plane 
. .  

2400 - , M.S. = - 9 60 M.S. = + 1.50 ULT 

Margins of safety for the upper and lower lug  areas are no t  shown since 

the reactions due t o  cruise fl ight loads are small compared t o  those encountered dur 

boost. Since the material conditions and thicknesses i n  the lug  areas are not affec 

by panel oxidation, the boost loads on the "Fail  Safe" design are the cri t ical  desi5 

loads and are analyzed i n  Reference ( B ) .  Figure 1 shows the magnitudes of the read 
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loads for both subcases. External equilibrium is verified by a separate computer 

routine which uses the NASTRAN generated load, constraint forces, and model geometi 

as input. Table I1 contains the results of t h a t  analysis and shows t h a t  external 

equilibrium i s  satisfied. 

Buckling Analysis - The oxidized leading edge has been analyzed for buckling with I 

NASTRAN routine. The math model is  shown in Figure 11 and is comprised of anisotrc 

membrane and bending elements. A full  model is  required to  o b t a i n  proper buckling 

and mode shapes. The mesh size shown i s  larger t h a n  the s ta t ic  analysis model b u t  

provides proper representation of the stiffness which is the most important  bucklir 

parameter. Stress recovery i s  n o t  needed and therefore does not dictate mesh size. 

The material properties used in the b u c k l i n g  analysis are from Referer 

The 8 ply bare compression and flexure moduli were used for skin membrane and bendi 

elements respectively. The 12  ply coated tension and flexure moduli were used for 

r i b  membrane and bending elements respectively. 

Load Case I ,  Figure 4,  i s  the cri t ical  cruise load for buckling. This  

condition occurs d u r i n g  a 2.5 g maneuver and includes an 0 .5  psi collapse venting 1 

NASTRAN performs the buckling analysis by solving for the roots o r  

eigenvalues of the characteristic equation: 

[Kaa +AKaad] e] = 0 

where, elastic stiffness matrix 

differential stiffness matrix 

di s pl acement vector 

eigenvalues, factors by which the s ta t ic  
load condition must be multiplied t o  
produce buck1 ing 

The three eigenvalues t h a t  were calculated for the oxidized leading edge are: 

J2 = 3.92 

= 6.41 
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The minimum margin of safety for buckling i s :  

M.S. = 3*43 - 1 = + 2.43 ULT 

The centerline buckle mode shapes f o r I 1  a n d h 2  are shown i n  Figure 12. 

The full lower panel buckle mode shape f o r l l  is presented in Figure 13. This f i r s t  

mode shape i s  a full sine wave which i s  typical of a radially loaded arch or cylinder 

A classical buckling problem was evaluated using NASTRAN and the results 

compared favorably. A simply supported 6 2  12Hflat aluminum sheet loaded i n  edgewist 

compression was evaluated using NASTRAN and found t o  have a minimum eigenvalue of 0.5 

and a full  sine buckle mode shape. Classical theory predicts an eigenvalue o f  1.05 

and a ful l  sine buckle mode shape. 

I 
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W E  1. PALANCE F R O M  4PPLIFO P O I N T  LOADS 

-_ 30 RALANCE FRrl)M A P P L I F D  MOMFNTS 
2. BALANCE F R O M  Cr3NSTRAINT P O l N T  LOAD8 

4= R A L A N C E  FRfW C O N Q T R A X N T  YOMENT9 
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. DESIGN INFORMATION -I- RELEASE CT- v 

1 IIIEV' 
MODEL (81 AND KFFa DI & *NO. 

PHASE I11 FAIL SAFE LEADING T143-DIR-2-09 

- E. C. Matza, B. A .  Forcht ,  H. 1. Knicrht ,  G.  B. Whisenhunt 
DESIGN INFORMATION: 

REFERENCES: (A) Phase I11 "Fai l  Safe"  Leading Edge Mater ia l  Design -Allowables , 

T143-DIR-2-06, dated 9 June 1922. 

(B) Phase I11 "Oxidi7ed" LeadinaEdae S t r u c t u r a l  u v s i s .  

T143-DIR-2-08. da ted  24 Ju l v  1972, 

e Desian C r i t e r i a .  Phase 111. 

T143 - -  5R 0006n, dated 19 Mav 1977. 

(D) AbLa_tion Analysis of k e  RPP Shuttle W i w .  

T14R - nTR - -  7 fl.?terf C; -1473 

( E )  Predicted Temperature D i s t r i b u t i o n  f o r  the Wing Leading Edge 

Skin and Rib, T143-DIR-2-07, dated 13 J u l y  1972. 

(F) See ly ,  F. B. and Smith, 3. O . ,  Advanced Mechanics o f  Materials, 

John Wiley & Sons, Inc.  , New York, New York, 1962, pp. 164-166. - - 
(G) Gatewood, B. E . ,  Thermal S t r e s s e s ,  McGraw-Hill, 1957, page 10. 

1.  VMSC D r u a  T143TOOOOT. 

- The purpose of this DIR i s  t o  document the s t a t i c  boos t ,  s i d e  load ,  -- PURPOSE : 

and thermoelas t ic  ana lyses  for the "Fail SafC" leading edge  panel, Ref. (H). The'loxid 

panel a n a l y s i s  is  documented i n  Reference (B) .  

-- - . _  ---- ---___-- 

-- 
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SUMMARL: The "fail safe" leading edge i s  designed t o  enable the panels t o  

provide satisfactory performance for one complete mission of maximum heat load 

and structural load trajectories , without the aid of the oxidation inhibiting 

coating. 

the panels will reduce t o  an effective 8 ply uniform thickness. Allowing for 

The panel thickness i s  sized such t h a t  i f  ablation occurs d u r i n g  entry 

variation i n  ablation over the surface;the "fail safe" leading edge panel skin 

thickness varies between 16  and 34 plies. One design requirement is t o  provide 

adequate margins of safety during the boost phase of the mission. Further, the 

thermally induced stresses which are cri t ical  during entry, must n o t  be exces- 

sive for the "fail safe'' (un-oxidized) thick laminate panel. 

The following minimum margins of safety exist for the thick-laminate 

panels during the boost  phase. 

1 LOCATION 

Upper Lug 
Rib 
Upper Spar 
Lower Spar 
Skin 
Skin 
Skin 
Skin 
tower Lug 
Upper Lug 

ULT M.S. 

i- 0.31 
i- 0.40 
i- 4.60 
i- 2.73 
i- 4.1 
High 
High 
i- 2.33 
+ 1.40 
i- 2.12 

BASED ON 

Shear 
Tens i on 
Compress ion 
Comp r es s i o n 
Compression 
Tension 
F1 exure 
Shear 
F1 exure 
Shear 

LOAD CONDITION 

32 "g" side load 
< =  -5.8", vent. lag 
* = 4.0", vent. lag 
9 = - 5 , 8 O ,  vent. lag 
o( = -5.8", vent. l a g  
d =  -5.8", vent. lag 
o( = -5.8", vent. lag 
='-5.8", .vent. lag 

32 "g" side load 
o( = 4.0°, total vent. 

.REF. PAGE 

5 
5 

- 6  
6 

' 6  
7 

' 7  
7 
a 

. 7  
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t 2.52 
+1.34 
+ 3.00 

High 
+ 1.74 
+ 2.5 

The following minimum margins of sa fe ty  exist for the thick-laminate panels during entry. 

BASED ON REF. PAGE 

Tension a q  34 
Shear 5 ;  35 
Tens i on 35 
Compress i on 35 
Tens i on + . #  36 , 

Tens i on 36 

I LOCATION 

. 

Skin 
S k i n  
Upper Spar 
Lower Spar 
Rib 
Skin 

Maximum panel 

P d, 
vW vf i n / i n / " F  lbs/ in3 

NO.of t Ew Ef G 
(Psi 1 (Psi 1 LOCATION MAT'L PLIES ( i n )  (p s i )  

,051 Rib Coated 12 -1 56 1.38~106 6 1.04x106 6 0.94x106 6 a20 e15 1.5x10-6 

Spars Coated 20 .260 1.44~10: 1.08~10: 0.97~10: .20 .15 1 . 5 ~ 1 0 - i  .051 

Skin Coated Over ,208 .143x10: 1.07~10: 0.96~10: .20 .15 1.5~10:: .051 

RPP-3 (1.48~10 ) ( l . l l x lO  )(0.94xlO ( .20 ) ( .15) (1 .5xlO- 1 ( .051) 

RPP- 3 (1 .53~10 )(1.15XlO )(0.97x10 ) (  .20)( .15)(1.5~10- ) (.051) 

RPP-3 16 (1 .52~10 )(1.14xlO )(0.96xlO !( .20)( .15)(1.5~10 ) (.051) 
L 

of the lower spar d u r i n g  boost and, i s  .072" - (limit). 

DISCUSSION OF RESULTS: The boost  s ta t ic  analysis i s  discussed below. The entry .. 

thermoelastic analysis discussion begins on Page 33. 

Boost S t a t i c  Analysis - The " fa i l  safe"  leading edge panel is  designed t o  ablate  

t o  an effective 8 ply thickness w i t h o u t  the aid of the oxidation protect ive coating. 

Since the amount of ablation varies w i t h  position on the leading edge, Reference ( D ] ,  

the thickness d i s t r i b u t i o n  shown i n  Figure 1 was used. The rib i s  12 ply,  coated 

RPP-3 and the upper and lower spars a re  20 ply,  coated RPP-3. 

the following material properties were used. 

From Reference ( A ) ,  

t =  
w =  
f =  
v =  
P =  o < =  

xxx = 

t h i  c kness (i nches ) 
warp direct ion 
f i l l  d i rect ion 
Poisson's Ratio 
dens i ty  (1 bs/i 173) 
coef f ic ien t  o f  thermal expansion (in/in/OF) 
membrane properties 
f lexure Drowrties- 
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The four pressure load conditions shown i n  Figures 2 and 3 occur dur ing  the boost 

phase, Reference ( C ) .  

b o t h  a 4' and a -5.8' angle af attack. 

These curves account for a 1.0 psi burst venting lag for 

In addition t o  the pressure loads ,  32 "g" 

RMS vibration loads are also generated dur ing  l i f t  off ,  Reference (C). For the 

purposes of this analysis, the vibration induced loads were applied as s t a t i c  

loads. 

The leading edge was modeled and analyzed using the NASTRAN computer 

routine. 

Due t o  symmetry of applied loads and panel constraints, only one-half of one 

The model used for the boost load conditions i s  shown i n  Figures 4' and 5. 

panel was modeled. For the side load analysis however, the panel constraints 

are no t  symmetric about  the panel centerline. As a result ,  the ful l  15" panel 

was modeled. Plots of this model are shown in Figures 6 and 7. Both models 

consist of quadrilateral and triangular membrane-bending elements. The g r i d  size 

fo r  the boost load model i s a  n a n i n a l  1-inch square on the s k i n  and an average 

1-inch by 0.4 inch on the r i b .  As can be seen i n  Figure 7 ,  the side load model 

has a variable g r i d  size. 

around the lug areas, a finer g r i d  was used i n  these areas. 

degrees of freedom, and hence the computer execution times 

Since more accurate stresses were desired i n  and 

To hold the total 

t o  reasonable levels, 

larger elements were used for the balance of the panel. 

n o t  adversely affect the mass or stiffness of the model. 

The larger elements do 

The elements themselves consist of super-imposed membrane and bending 

elements. 

were used. 

Reference ( A ) ,  and the bending elements used the flexure properties. 

cases, the f i l l  properties are 75% of the warp properties. 

Both type of elements are anisotropic, and warp and f i l l  properties 

The membrane elements used the membrane tension properties from 

In a l l  
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Maximum panel deflection occurs during boost for o(= -5.8" (load 

case 11), venting lag. The maximum deflection occurs a t  the panel centerlinesix 

in. forward of the lower spar and is  .072" (limit). The maximum rib deflection 

of .058" (limit) occurs a t  rib s t a t i o n  13, Fig. 5. Plots of the deflected shapes 

for the rib and the panel centerline are shown in Figure 8. 

Table I summarizes stresses, locations , and associated margins of 

of safety w h i c h  occur during boost (Reference page 18). The minimum margin of 

safety occurs in the rib due t o  a shearing stress developed by the 32 "g" side 

load. 

, I  

Figure 9 shows the location of this stress and Figure 10 shows the shear 

stress distribution on a cut through this point. The maximum shear stress is  

1905 psi. The allowable for the 23 ply lug area from Reference ( A )  i s  2500 psi. 

M.S. = - 2500 -1 
1905 M.S. = +0.31 ULT 

As can be seen i n  Figure 10, there is  virtually no membrane shear stress. 

stiffness of the spar and the skin effectively prevent membrane shearing action. 

However, as can be seen in the deflected shape in Figure 11, the elements are 

twisted, creating the high shear stresses. The maximum flexure stress is shown 

i n  Figure 19 and w i l l  be discussed later. 

The 

Maximum r i b  tension stresses, shwwn in Figure 1 2 ,  occur a t  r i b  

station -5.5, refer t o  Figure 5, a t  the outer edge o f  the flange. 

stress developed i s  +3850 psi. 

The maximum 

The tension allowable from Reference (A )  for 

12  ply,  coated RPP-3 i s  5400 psi. 

M.S. = +0.40 ULT 5400 -1 
3850 M.S. = - 

The maximum stress for the upper spar occurs during boost for load 

case IV, Reference Figure 3. As shown in Figure 13, the stress is compressive 

and acts a t  the outside edge of the up-standing flange. The stress generated i s  



T143-DIR-2-09 
Page 6 

-1570 ps i ,  which, w i t h  an a l lowable from Reference (A) o f  -8800 p s i ,  gives a 

margin o f  sa fe ty  o f :  

8800 -'I M.S. = M.S. = t4.60 ULT 

Figure 13 a l so  shows the maximum st ress f o r  the  lower spar which 

acts dur ing load case 11, Reference Figure 2. The s t ress  generated acts  a t  the 

ou ts ide  edge o f  the up-standing f lange and has a value o f  -2360 p s i .  The compres- 

s i o n  al lowable f o r  the 20 p l y  spar i s  -8800 ps i .  

M.S. = 

Figure 

s k i n  a t  the p o i n t  o f  

8800 -1 
2360 
- M.S. = t2.73 ULT 

4 shows a p l o t  o f  the spanwise s t ress d i s t r i b u t i o n  f o r  the 

maximum compressi ve s t ress.  Maximum compression i n the 

s k i n  occurs a t  the  panel cen te r l i ne  imnediately ahead o f  the  lower spar. The 

s t ress o f  -1075 p s i  consists o f  a membrane compressive s t ress o f  -665 p s i  and a 

f l e x u r e  s t ress of 410 ps i .  The loca l  panel thickness i s  20 p l y ,  Reference Figure 1, 

which possesses a fill f l e x u r e  s t rength o f  6,120 ps i  and a f i l l  compression s t rength 

o f  -51 60 ps i  , Reference (A).  

-1 M.S. = t4.1 ULT 1 
665 + 41 0 M.S. = 

m m  

Figure 15 i s  a p l o t  o f  the c i rcumferent ia l  s t ress d i s t r i b u t i o n  along 

the  panel center l ine,  and shows not  on ly  the p o i n t  o f  maximum t e n s i l e  membrane 

st ress f o r  the panel, b u t  a lso  the  p o i n t  o f  maximum f l exu re  s t ress.  

panel membrane t e n s i l e  s t ress of 340 ps i  occurs a t  r i b  s t a t i o n  17, Reference 

Figure 5. The f l exu re  s t ress  ac t ing  a t  t h a t  p o i n t  i s  460 ps i ,g iv ing a maximum 

outer  f i b e r  s t ress o f  800 p s i .  

f lexure s t rength o f  10,200 ps i  and a tension s t rength o f  6300 ps i .  

The maximum 

The l o c a l  panel thickness i s  22 p l y ,  g i v i n g  a 
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-1 M.S. =.+9.00 ULT 1 
460 M.S. = 

, 

The maximum flexure stress o f  580 psi occurs a t  rib station 20, 

Reference Figure 5. 

220 psi, giving a mximum outer fiber stress of 800 psi. The local panel thick- 

ness is 21 ply, however, the flexure and tension allowables are the same as 

those given for 22 ply above, Reference ( A ) .  

The membrane stress a t  t h a t  point i s  tensile and equal t o  

-1 M.S. = t9.90 ULT 1 
580 220 M.S. = 
1o,2oo+6300 

The maximum skin shear stress i s  shown i n  Figure 16. The stress of 

750 psi occurs a t  the junction of the r i b  and the skin a t  rib s ta t ion  17.5, 

Reference Figure 5; The shear strength, for  the local panel thickness o f  22 ply, 

is 2500 psi, Reference ( A ) .  

M.S. = t2.33 UET 2500 -1 M.S. = - 7 50 

The maximum stresses computed by NASTRAN for the upper and lower lugs 

due t o  boost loads are sumnarixed i n  Figures 17 and 18. Critical load case f o r  

the upper  lug i s  load case 111, Reference Figure 3. The minimum margin o f  safety 

occurs for the "shear-out" failure mode and i s  +2.12. The shear stress developed 

i s  800 psi and the shear strength for the 23 ply lug i s  2500 psi. The minimum 

allowable margin for in-plane lug loads i s  +1.0, Reference ( C ) .  

2500 -l M.S. = - 800 M.S. = +2.12 ULT 

Critical boost load stresses are developed i n  the lower lug for  load 

case 11, Reference Figure 2. Again, the shear stresses produce the minimum margin 

of safety. The maximum shear stress developed is  760 psi. 
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M.S. = '  t2.29 ULT 

These margins apply only t o  the in-plane loads due t o  boost pressures 

which attempt t o  "pull-out" or %hear-out" the material imnediately around the 

bolt hole. A lower margin of safety exists in the laver lug due to  flexure ' 

stresses created as a result of the 32 "g" side load condition. The p o i n t  a t  

which the maximum flexure stresses occur is  shown in Figure 9 as.cut "A-A". 

Figure 19 is a p l o t  of the inner and outer fiber stresses occurring along the 

line "A-A". 

is  f 4250 psi. 

The membrane stresses are essentially zero and the flexure stress 

For the 23 ply lug, the flexure strength is 10,200 psi. 

M.S. = 10 4:2w 200 -1 M.S. = t1.40 ULT 

The upper l u g  is  not critical for the side load induced flexure 

stresses because of i t s  closer proximity t o  the skin and the upper spar.  Figure 7 

shows the lawer b o l t  hole t o  be well outside the "box" created by the r i b ,  lower 

spar, and skin. 

side loads. However, the upper b o l t  hole fa l ls  w i t h i n  the "box" formed by the 

rib, upper spar, and skin and has the additional stiffness of the spar and the 

rib w i t h  w h i c h  t o  react the side loads. 

shape of the lower l u g  and shows the bending deformation responsible for the h 

flexure stresses. 

As a result, the lug  acts as a cantilever plate i n  resisting 

Figure 11 i s  a p l o t  of the deflected 

Due t o  the "curved beam" effect, moments applied t o  corners create 

radial stresses. When the moment tends t o  open the angle, radial tension 

stresses are  created which, for laminate materials such as RPP-3, are carried as 

interlaminar tension stresses. The interlaminar tension strength is  small i n  

comparison t o  the in-plane tension strength, 375 ps versus 5600. 

a p l o t  of the allawable moment for thicknesses from 8 t o  25 plies. 

Figure 20 i s  

The curve is 
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based on a .16 inch  inside radius w i t h  a mean radfus equal t o  the inside radius 

plus one-half the thickness of the material. 

points corresponding t o  the maximum joggle moment and the maximum rib-skin or  

Spotted on the graph are the 

spar-skin moment. As can be seen, the corner moments are very low and h i g h  

margins o f  safety exist. The allowable moment, where the thickness changes 

around the corner such as a 34 ply skin mating w i t h  a 12 ply rib, is based on 

the smaller thickness. 

To verify tha t  static equilibrium exists a separate computer 

routine was written which  accepts NASTMN load, constraint force, and geometry 

d a t a  as i n p u t .  The load and constraint forces for the boost load conditions are 

shown i n  Figures 2 and 3. External equilibrium is satisfied and the results for 

load case I1 are shown i n  Table I1 on page 31. 

t o  the 32 "g" limit side load. 

. 

Figure 21 shows the reactions due 

Equilibrium is also shown. 
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Tens ion 
Compress i on 

~ 

(Ref' Page 13) 

The following margins of safety are summarized for the 8 ply "oxidized" panel. 

~ 

LOCATION 

Rib 
Upper Spar 
lower Spar 
Skin 
Skin 
Skin 
Skin 

M.S. I BASED O N  ~~ -1 
High 
High 

+ 4.13 
High 
High 

+ 1.50 
+ 2.43 

Tension 
Tens i on 
F1 exure 
Shear 
Buck1 i ng (Ref Page 7)  

The maximum panel deflection occurs a t  the panel centerline near the lower spar. 

deflection a t  t h a t  point i s  .050" ( l imit) .  The panel i s  deflection cr i t ical  which 

Maximum 

accounts for the high margins of safety in a l l  areas. 

DISCUSSION OF RESULTS: 

Static Analysis - Based on design c r i te r ia ,  Reference ( C ) ,  the external surface of the 

panel i s  assumed t o  be without the aid of the oxidation protective coating, leaving the 

panel free t o  ablate. 

t o  ablation was determined including a 20% toJerance, Reference ( D ) .  

Using predicted heating rates,  the amount of thickness lo s t  due 

The panel was 

then sized such t h a t  a uniform 10 ply skin would remain. 

plies,  two ( 2 )  were assumed t o  be internal coating and consequently ineffective for load 

carrying capability. 

skin as 8 ply bare RPP-3.  

lower spars remained 20 ply, coated RPP-3. 

properties were used: 

Of the ten (10) remaining 

Therefore, this analysis considered the effective leading edge 

The rib remained 12 ply, coated RPP-3 and the upper and 

From Reference ( A ) ,  the following material 
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Entry Thermoelastic Analysis - Durin normal operation, the "fail  safe" leading 

edge passes through the entry phase w i t h  protection of the oxidation inhibiting 

coating. As a result of entry heating, thermal gradients are produced i n  the 

thick laminate skin as well as the ribs and the spars. One design condition, 

therefore, i s  t o  insure t h a t  the entry hea t ing  will n o t  produce excessive thermo- 

elastic stresses. 

worst thermal loading conditions encountered. 

seconds after initiation of the entry profile. 

For this analysis, three times were chosen representing the 

These times are 260, 300, and 400 

The time 260 seconds represents 

the maximum temperature gradient across the r 

load case I .  The time 300 seconds represents 

skin, and i s  referred t o  as thermal load case 

the maximum gradient in the circumferential d 

i s  referred t o  as thermal load case 111. The 

b ,  and i s  referred t o  as thermal 

the maximum gradient through the 

11. The time 400 seconds represents 

rection around the leading edge, and 

skin surface temperatures for the 

three thermal load cases are shown i n  Figure 22 and are from Reference ( E ) .  

rib temperatures a t  the maximum heating location are presented i n  Figure 23 for 

the three thermal load cases. These d a t a  are from Reference ( E ) ,  which also 

contains similar information a t  different rib stations. The spectrum of rib 

temperatures was determined by interpolating between r i b  stations. 

The 

The thermoelastic problem was modeled and r u n  using the NASTRAN 

computer routine. The model is identical t o  the one used for the s t a t i c  boost 

loads and i s  shown i n  Figures 4 and 5. The rib and spars use the same elements 

as were used for the s ta t ic  loads model. However, the s k i n  was modeled u s i n g  

thermoelastic elements which allow temperature gradients t o  be specified through 

the element thickness. Appendix A contains a closed form solution using this 

element in a thermoelastic analysis. 

averaging the temperatures a t  t h e  g r i d  points defining each element, and then 

assumes t h a t  the temperature is constant over the whole element. 

allow the average temperature t o  vary through the thickness only. 

NASTRAN handles thermoelastic problems by 

Thermal elements 

Free thermal 
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strains are computed based on the input reference temperature, the element 

geometry and the element coefficient of thermal expansion. 

material properties, the forces necessary t o  return the element t o  i t s  original 

Then, using the input 

size and shape are computed. 

equally and applied a t  the grid points defining the element. 

nature of the elements is  retained and warp and f i l l  properties were used. 

addition, a l l  element properties were made temperature dependent. Different from 

the s ta t ic  analysis, the compression modulus was used for the membrane element 

in a l l  thermoelastic analyses, which i s  conservative for tensile stresses. 

These "equivalent s ta t ic  loads" are then divided 

The anisotropic 

In 

Figure 24 shows the maximum skin deflection of .055" (l imit)  which 

occurs a t  t = 400 seconds. 

deformation due t o  thermal expansion. 

seconds and i s  .052" ( l imit) .  

Figures 25, 26, and 27 are  plots o f  the spanwise 

The maximum deflection occurs a t  400 

Table I 1  presents a summary of thermoelastic margins of safety a t  

Figures 28, 29 and 30 are plots o f  the circumferential (hoop) stress for entry. 

260, 300 and 400 seconds. All are plotted for stresses occurring 2" from the 

rib,  just  inboard of the joggle and represent maximum developed tensile stresses. 

The largest stress occurs a t  400 seconds a t  r i b  station -10.0, Reference Figure 5, 

and is  t1790 psi. The element a t  t h a t  point i s  a t  1960"F, g i v i n g  a tension allow- 

able of 6300 psi, Reference ( A ) .  

M.S. = +2.52 ULT 6300 -1 
1790 M.S. = - 

The maximum flexure stress of 1050 psi occurs a t  400 seconds a t  r i b  station +2.0, 

Reference Figure 5. 

15,250 psi, Reference ( A ) .  

The element is  a t  2420°F which yields a flexure strength of 

15,250 -1 
1,050 M . S .  = M . S .  = t13.5 ULT 
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Figure 31 is  another circumferential cut taken along the joggle a t  

1.25" from the r i b .  The p lo t -  i s  for 400 seconds which gives the greatest s k i n  

compression stress o f  -2900 psi a t  rib s t a t i o n  -13.5 The temperature a t  t h a t  

p o i n t  of 1560OF gives the material a compression strength of -10,400 psi, 

Reference ( A ) .  

' 10,400 - 1  
2,900 M.S. = M.S. = t2 .59 ULT 

The maximum skin shear stress for each thermal load case is shown 

in Figures 32, 33, and 34. The maximum shear stress of 1070 psi occurs 1.25" 

from the rib a t  400 seconds. The local temperature a t  400 seconds is 1560°F 

which gives a shear strength of 2500 psi, Reference ( A ) .  

2500 -1 
1070 M.S. = - M.S. = +1.34 ULT 

Maximum stresses for the upper spar i s  developed a t  400 seconds and 

i s  shown i n  Figure 35. 

the local temperature of 805"F, the tension strength is 5600 psi. 

The stress i s  tensile and has a value of 1400 psi. A t  

5600 
1400 M.S. = - M.S. = +3.00 ULT 

Maximum stress for the lower spar ,  shown i n  Figure 36, i s  compressive 

and occurs a t  260 seconds. 

of 9000 psi, Reference ( A ) ,  gives a margin of safety o f :  

The stress of -1000 psi, with an  allowable a t  9 2 O O F  

M.S. = +8.00 ULT 9000 -1  M.S. = -m 

Rib stress distributions a t  r i b  stations corresponding t o  local 

maximum stresses are shown in Figures 37, 38, and 39. The maximum rib tensile 

stress of +2050 psi occurs for t = 300 seconds a t  r i b  station 9 . 5 ,  Reference 
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Figure 5. The local tensile strength is  5600 psi a t  141OoF, from Reference ( A ) .  

5600 -1 M.S. = - 2050 M.S. = t1 .74 ULT 

Note t h a t  the maximum rib stress ( t  = 300 seconds) does n o t  occur a t  the time o f  

maximum rib temperature gradient ( t  = 260 seconds); however, the stresses a t  b o t h  

times are  within about  200 psi of each other. The leading edge has three variables 

t h a t  i nf 1 uence the thermoel as t i  c stresses ; namely, tempera tures , temperature 

gradients, and temperature dependent material properties , and therefore critical 

conditions are not always easily predicted. 

The stress distribution around the perimeter of the rib i s  shown i n  

Figure 40 for  tension and Figure 41 f o r  compression. 

constant rib height t h a t  passes t h r o u g h  the p o i n t  of maximum stress. 

Each p l o t  is taken a t  a 

The spanwise stress distribution a t  the panel centerline is  presented 

i n  Figure 42.'  The majority o f  the upper surface i s  either tension or compression 

membrane stresses, while the lower panel is primarily flexure. 

of safety i s  a t  rib station -11.0 where the stress is  1030 psi tension. The 

temperature is 620°F and the 16 ply tension f i l l  allowable is  3600 psi. 

The minimum margin 

M.S. = +2.5 ULT 3600 -1 M.S. = - 1030 

The reactions developed as a result of the thermal loads are shown 

in Figure 43. These reactions correlate with the r i b  stresses, i .e., tension a t  

260 and 300 seconds and compression a t  400 seconds. 

thermoelastic analyses has been verified by an independent routine t h a t  utilizes 

model geometry and constraint point loads (reactions). 

presented in Tables IV through VI for the three thermal load cases and shows good 

balance.  

balance of 103 in-lbs. This imbalance results from a solution involving many 

External equilibrium for the 

The equilibrium d a t a  is  

The summation of moments (MO) about the "0" axis  shows a maximum im 
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large internal loads (equivalent s ta t ic  loads on page34), and is  the difference 

between two large numbers, estimated t o  be approximately 500,000 i n - l b s .  

internal loads do not figure'in external equilibrium; so,  the loads t h a t  generated 

the moment were not included in the equilibrium check. 

103 in-lbs o u t  of 500,000 in-lbs is  about  0.02%. 

The 

The percent error of 
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EXTERNAL BALANCE - 

RPP LEADXNG EDGF T H E R M O F L I S T I C  A N I L Y 8 1 S  AT T I M E  m 260 SECONDS 

-_-__ 
TYPE F F ( l b s )  Fu(1 bs FO (1 bs) Mf ( i n-1 bs ) MIX in-1 bs ) no( i  

1 0 :4 0.0 0 .0  0.0 0.4 o a o  

__ 1 6 . L -  o a o  o r 0  0 .0  6.9 Q a O  



EXTERNAL BALANCE 

TYPE f F ( 1 bs 1 FU ( l b s )  F O ( l b s )  YP( i n-1 bs ) t4d i n-1 bs ) MO 

-- TYPE 1. BAL4NCE FRdM 4 P P L I F b  POINT L O A M  
2. R A L A V C E  F R O M  C 3 r J S T R A 1 V f  POINT L O A D S  

4s RALANCE FROM C b N 3 m N f  MOMENTS - Mu 3 t  ~ A L A N ~ ~ !  F R O M  APPLIFD MIIYENTS -- 

L 

SIGN COMTENTION 



1 0:o O m 0  0.0 0.0 0 .,e O m 0  
1 0;o om0 0.0 0.0 0.0 0 .0  

3 o m O  0.0 O M 0  
3 O r O  O r 0  O m 0  

r w  1. BALANCE PROM APPLIED P O I N T  LbAb8 
2. BALANCE PROM CONSTRAINT P O I N T  LOAD8 
3. BALANCE PROM 4 P P L X f D  MOMENT8 
4. BALANCE FROM CON3TR4INT MOMfNts Mu 

- - 

MO - 

-___ 
?BTLa - WHEN ONLY THERMAL L n A D I N d  !S PREgPNT, 

TYPE8 1 AND 3 ARL NOT CbNdIbERLD I N  
THE BALANCL 4 

A - 
MF FF F f , M l  FORCE AND W m O R W A R D  

F U l H U  PORCL 4ND MOMENT UP 
C O r M O  FORCE AND MOMENT OUTBOARD'  . 

- SIGN CONVENTION 
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METHOD 

APPENDIX A 

' FULLY RESTRAINED UNRESTRAINED 

The purpose o f  Appendix A i s  t o  show the  c o r r e l a t i o n  obta ined 

between NASTRAN and t h i c k  p l a t e  theory f o r  thermoelast ic  stresses. 

The lead ing  edge thermoelast ic  model contains b o  d i f f e r e n t  thermal 

elements. 

explained on page 33. 

s p e c i f i e d  through the  model element thickness. 

The r i b  i s  therma1.ly t h i n  and uses nodal temperature inputs  as 

The t h i c k  laminate s k i n  has thermal gradients  which a r e  

A sample p l a t e  problem 9" x 9 "  x 1" was evaluated f o r  f u l i y  r e s t r a i n e d  

and unrest ra ined edges us ing the  f o l l o w i n g  proper t ies  : 

Young's Modulus E = 30 x l o 6  p s i  

Shear Modul us G = 11 x 10 p s i  

C o e f f i c i e n t  o f  
Thermal Expansion <= 5 x i n / i n / "F  

Poisson's Rat io  V = 0.36 

6 

NASTRAN 

THICK PLATE 
THEORY 

A l i n e a r  temperature grad ien t  o f  -1000°F t o  +lOOO°F was s p e c i f i e d  

from the  lower t o  upper surface. Nominally, l i n e a r  gradients  e x i s t  i n  t h e  

lead ing  edge t h i c k  laminate sk in .  

Theoret ica l  thermoelast ic  s t resses were ca lcu la ted  from Reference (G). 

= +234,374 p s i  

= +234,375 p s i  
Cmax = 6 p s i  

urnax = 0 p s i  

G m a x  - 

rmax - 



G- 7 - .  
DESIGN INFORMATION Redt)t3p. RELEASE 

c . .  

REV. DI R. -NO. IODEL tal AND EFF. 

ULTIMATE STATIC LOADS DISTRIBUTION AND PRELIMINARY I T143-DIR-2-12 I 
I D A T E  1 PAQD or 

CANTED H/S PANEL.ANALYSIS - LEADING EDGE SUPPORT 8/30/72 I 1 1 23 
REF. 0.0. NUMBER 

E. C .  Matza, F. D .  Tarsia, R .  B. Bost, H. I. Knight, G. B. Whisenhunt, B.A. Forcht 
)ESIGN INFORMATION: 

( A )  Phase ,111 "Fai l  Safe" Leading Edge S t ruc tu ra l  Analysis, T143-DIR-2-09, dated 

28 Ju ly  1972. 

- ( 

25 June 1971. 

. .  ( C )  Vought Aeronautics Division, LTV Aerospace Corp., Dallas, Texas, w m  f z  

Acoustic Fatiaue,  Report No. 2053 424/SDM-153, dated December 1969. 

A i r  Force F l igh t  Dynamics Lab. Wrist Patter-r Force Base, m, (D) 

R e a  De s inni t - .  AD - 8- dated 

January 1968. 

Trevarno Co., Livermore, C a l i f . ,  Data Bu l l e t in  #86a, S t r u c t u r a l  Heat Res is tan t  

Polyimide Impregnating Resin System. 

(E) 

- (F) Heatshield Thermal h a u s ,  T143-DIR-2-13, dated 15 August 1972. 

The purpose of t h i s  D I R  i s  t o  release t h e  u l t imate  s t a t i c  loads. and t h e  i n t e r n a l  

load d i s t r i b u t i o n s  t o  be used i n  t h e  design of t h e  leading edge surmort s t r u c t u r e .  

The lug  loads a r e  from Reference ( A )  and t h e  upper panel pressure is  spec i f i ed  i n  -- 

- Reference (B). A preliminary s t i f f n e s s  ana lys i s  of t h e  canted hea t sh ie ld  panel i s  

a l s o  presented. 
1-82042 RI 
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DISCUSSION: - 
A general schematic and lug load coordinate system i s  shown i n  Figure 1. The lug 

r i b  t ru s s ,  upper panel, and support lugs provide t h e  primary load paths. 

shield canted panel is  mounted with oversized holes t o  preclude carrying p r l m s r y  loads 

The heat- 

Support s t ruc ture  geometry and upper panel load i dcn t i f i aa t loe  are  presented i n  

Figure 2. 

The upper panel reactions a re  computed on pages 5 and 6 and are summarlzed on 

page 7. The leading edge and upper panel reactions are summarized on pages 8 and 9 

The assumptions dealing with the  r i b  t ru s s  analysis a r e  l i s t e d  on page 10 while 

equilibrium and member loads are shown i n  Figure 3. 

and the  equilibrium check are presented on pages 12 and 13. 

reactions i s  shown i n  Table 1. 

The support lug react ion equation 

A summary of support lug 

The 32 "g" RMS s ide  load equilibrium is shown on page 18 f o r  both t h e  lower and 

In  the  case of t he  upper lug,  t he  loads are dis t r ibuted through t h e  upper upper lug. 

access panel t o  the  support lug.  

The canted heatshield panel is  designed such that i t s  natural  frequency is  greate  

than 120 hz which i s  estimated t o  be st iff  enough t o  prevent heatshield f a i l u r e  i n  the  

Shut t le  acoustic and vibrat ion environments. This is a preliminary analysis  and i s  

used as i n i t i a l  s iz ing only. Detailed analysis of t h e  panel w i l l  be  accomplished l a t e  

The preliminary analysis and addi t ional  discussion is  presented on pages 19 t o  21, w i t  

f i n a l  r e su l t s  being shown i n  Figure 4. 
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I 
IODIL IO) AND R W o  DI Rr *NP* 

LEADING EDGE SUPPORT !XCRUCTuRE STRUCTURAL ANALYSIS T141-DIR-2 -17 

I ' 9/29/72 I 1 
ncr. e. 0. NUMICA 

I Phase I11 Leading Edge L3.3 '57 //A 
Flll In block below for In(ormatlon Roleas. 

IN REPLY TO DIR. NUMBFB 

LTVONLY BWR 

E.C,Matza, F.D.Tarsia, R.B.Bost, J.E.Medford, I.E.Harder, H.I.Knight, G.B.Whisenhunt,dM*d 
DlUlQn INFORYAt(0NI 

(A) U l t i m a t e  S t a t i c  Lmds Distribution and Preliminary Canted H/S Panel Analysis - 
Leading Edge S U P P O ~  . T143-DIR-2-12, dated 30 August l9P .  

L 

-- --- 
- 

(B) E. L. Bruhn, Analysis and D e s i ~ n  of Flight Vehicle Structures, copyright 1965, 

Tri-State Offset Campany, Cincinnati, 'Ohio. 

(C)  Structural  Design Data, Vought Aeronautics Division, W Aerospace COrp. ,  

Dallas, Texas. 

(D) MIL-HDBK-B, 1 September, 1971, Metallic Materials and Elements for Aerospace 

Vehicle Structures, Volume I. 

Phare 111 "Fail Safe" Leading Edge Structural  A I X I ~ ~ S I S ,  T143-DIR-2-09, 

dated 28 Ju ly  1972. 

Space Shut t le  Wing Leading Edge Design Cr i te r ia ,  Phase 111, T143-5R00060, 

dated 25 June 1971. . 

(E) 

(F) 

(G) Trevarno Co., Livermore Calif., Data Bul let in  #%a, Structural  Heat Resistant 

Polyimide Impregnating Resin System. 

Vought Aeronautics Division, LTV Aerospace Corp., Dellas, Texes, Designing 

for Acoustic Fatigue, Report No. 2-53 424/SDM-153, dated December 1969. 

(H) 

- ~ - -  --- 
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(I) Dynamic Reeponse of Space Shuttle Orbiter Leading Edne Section, T143-DIR-1-07, 

dated 2 December 1971 

(J) Shell  Analyeirer Manual, RASA C R - 9 ,  National Aeronautics and Space 

Administration, dated April 1968. 

PURPOSE 

The pwpose of t h i s  DIR i e  t o  release the  s t ruc tu ra l  analysis of the  Phase 

I11 Leading Edge Support Structure. 

SUMMARY 

A general schematic of the  support s t ructure  is shown i n  Figure 1, 

including part ident i f ica t ion  and drawing callouts.  

A summary of margins of safety is presented i n  Table 1. The c r i t i c a l  

load conditions a r e  ident i f ied as are  the pages containing t h e  analyses. 

The minimum margin of sa fe ty  fo r  the s t ruc ture  i s  +O.lg and occurs i n  t h e  r i b  

t r u s s  diagonal fran thermal expansion dur ing  entry. Most of the  other margins 

a r e  greater  than +1.00 a t  ult imate because of fatigue considerations fo r  

acoustic and vibration loads. Fatigue life i s  computed and presented i n  the 

t e x t  for t he  applicable par ts .  

DISCUSSION AND R E m S  

The leading edge support s t ructure  provides continuity between t h e  RPF' 

leading edge and the  wing box. 

plus those act ing on i t s  own surface. 

support lug and beam which w i l l  be mounted t o  a r ig id  t e s t  f ix ture .  

assumption is  t h a t  deflection and rotation a t  the support lug is  precluded by 

the t e s t  f ix ture .  This  ra t ionale  is used because the  wing box should be very 

stiff for  the r e l a t ive ly  mall loads and dimensions of the leading edge. 

It reacts  the  loads fran t h e  leading edge 

The wing box i s  simulated by t h e  

The design 
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Inconel 718 1 

Mat e r i a l  C r i t i c a l  Condition M.S. Mode Ref. Pg. I t e m  

Upper Access 
Panel 

.064 
6AL-4V T I  

Booet +1.81 Buckling 10 

Rib Truss 

- Fwd Beam C r ippl ing 4-l.M 

+1.00 

+1 . 31 
+0.1g 

+l. go 

. Wt-. 072 
6AL-4V T I  
.04-. 072 
6 f i - 4 ~  T I  
.04 
6AL-4V T I  

.04 
6AL-4v T I  

J 16 

17 

22 

27 

29 

Boost 

Boost Crippling - Side Beam 

- Diagonal Boost Crippling 

c r ippl ing  Ent ry-Thermal 
Expansion 

Entry-Thermal 
Expansion 

Side Load 
Vibration 

Side Load 
V i  brat i on 

- Vertical  Crippling 

.156 

.i56 321 
Inconel 718 

Stainless S tee l  

+1.21 

+0.66 

Bending 

Bending 

31 

33 Back-up 
bracket 

Lower Lug .Q78 
Inconel 718 
-25 
Polylmide 

.125 
2@4-T4 Alum 

Side Load 

Side Load 

Side Load 

Vibration 

Vibration 

Vibration 

+O. 51 

H i &  

+o. 83 

Crippling 

C anpres 8 i on 

Bending 

36 

37 

38 

- Splice 

- Attach 
angles 

Lug Bolt 
I 

Boost - .. 
Entry 

Bending 
Bending 39 

1/2%SI 
1025 Steel  

Side Load 
Vibrat ion 

support 
Lug & Beam Bending 
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The .064 titanium upper acceos panel I s  a constant radius curved section 
l 

and i s  analyted f o r  acoustic fatigue and for  buckling as a cylinder sub&ctcd~- 

t o  an external r ad ia l  preeeure. An 0.05 i n .  th ick  panel was good for buckling 

but no t  acoustic fatigue which required golng t o  the next etock thicknese of 

0 . w i n .  The frame supporting the panel i s  examined f o r  deflection8 t o  

determine i f  the panel radius change6 s igni f icant ly  under laad. 

d i d  not  change so adequate stiffness i@ provided validating the  analogy of 

The radius 

I 

cyl indrical  buckling. All spanulee shear introduced a t  t h e  upper luge is  

carried by t h e  Wnel. 

The r i b  truss, Figure 1, ie canprised of t h e  frame (fwd and side beams 

supporting the  access panel), diagonal, and ve r t i ca l  members. 

and side beams are bu i l t  up of .dr and .072 titanium sheet. 

The forward 

They support t h e  

access panel and react upper lug loads. 

during boost; however, t h e  minimum margin of sa fe ty  i s  +1.00. 

They a r e  both c r i t i c a l  i n  cr ippl ing 

The diagonal 

and ve r t i ca l  members a r e  0.04 in.titanium sheet. The diagonal also supports 

t he  access panel and reac ts  upper lug loads but t h e  c r i t i c a l  design condition 

is thermal expansion during entry where the  margin of sa fe ty  i s  +O.l9. 

The ve r t i ca l  member does not carry Loads -from the-leadfng edge or  access 

panel because of the r e s t r a in t  offered py the  - support lu@Aand* %est r&xture. 

Its only loading condition is  thermal expansion and t h e  margin of safety i s  

+l. 90. 

The upper lug i s  an Inconel 718 welded bracket wi th  gussets and end 

plate. A stainless steel back up f i t t i n g  is nested i n  the corner of the sheet 

metal af% of the  lug and is used t o  d is t r ibu te  the upper lug loads i n t o  the  

sheet metal r i b  truss. The upper lug is designed against  fa t igue  failure f o r  

t h e  vibratory s ide loads. 



!be lower lug  is cunprised of th ree  parts, (a) an  Inconel angle/lug, 

I (b) a polyimide insulator  shear c l ip ,  and (c) aluminum a t tach  anglee. 

lower lug I s  t i e d  d i r e c t l y  i n t o  t h e  support l& and therefore i t s  loads 

The 

are not reacted by t h e  rib t ru s s .  

condition and t h e  jo in t  minimum margin of sa fe ty  is +O.5l. 

The vibratory side load is t he  c r i t i c a l  

The lug bol t  is made of Inconel '71.8 and is hollowed out t o  reduce the  

heat conduction path. The margin of safety i n  bending is HIGH for  both 

t he  boost (maximum load = 191#) and entry (maximum temperature = 133@F, 

Maximum load = 19.7#) condltlone. 

The support lug and beam are made of canmerclal AIS1 1025 steel. Its 

purpose is t o  provide a stiff support and t o  Interface with the  t e s t  fixture. 

Margins of safety are HIGH. 
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VOUOHT M/SS/L ES 
AND SPACE COMPANY 

REF. Q. 0. NUMBER 

IN REPLY TO DIR. NUMPFR 

B. A. Forcht, G. B. Whisenhunt, W. E. Agan, E. C. Matza 
DESIGN INFORMATION: 

REFERENCES: _-___ (a )  _______-__ VMSC Drawing No. T143B00005, "Canted Heatshield Assembly," 

- - - __ __ - __ .- I__ ___ - dated __ 25 August _- _ _  - 1972. - _ _  - - 

(b )  VMSC Drawing No. T143B00006, "Canted Frame Heat Shield - - -_ - __ 

Assembly ,'I dated 28 August 1972. 

( c )  VMSC Drawing No. T143B00002, "Removable Heat Shield Assembly , 
Shutt le  Leading Edge l o w e r  Lug," dated 25 A u g u s t  1972. 

1.0 INTRODUCTION 

The c r i t i c a l  mechanical design environment f o r  t he  Shut t le  Leading Edge 

Segment thermal insulat ion system i s  defined by the  severe random vibrat ion and 

acoustic environments experienced during the  boost phase of f l i g h t .  These environ- 
~~ 

ments produce peak stresses i n  t h e  insulat ion which are near t h e  ultimate s t rength 

of t h e  material and, due t o  t h e  100-mission l i f e  requirement, are of su f f i c i en t ly  

long duration t o  make fatigue a fundamental design consideration. 
~~ 

The spec i f i c  environmentsusedin the  design a re  presented i n  Figures 1 

and 2. I n  t h e  case of t h e  random vibrat ion environment, the  curve presented i s  

considered t o  be a def ini t ion of t he  maximum response expected rather than an 

input t o  t h e  component attachment points,  i n  accordance with agreements reached with 
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NASA/MSC. The acous t ic  environment i s  considered t o  be t h e  environment e x t e r n a l  

t o  t h e  leading edge segment. 

A ca re fu l  review of t h e  complete lead ing  edge segment design concept 

ind ica ted  t h a t  only th ree  components of  t h e  in su la t ion  system were c r i t i c a l  

r e l a t i v e  t o  t h e  f l i g h t  dynamic environments. These th ree  components are r e f e r r e d  

t o  as t h e  canted hea t  sh i e ld , the  upper access panel and t h e  lower support lug i n su la t ion .  

A d i s c r i p t i o n  of t h e  analyses and supporting tests conducted t o  verif'y t h e  

design of t hese  t h r e e  components i s  presented i n  t h i s  repor t .  

2.0 CANTED HEAT SHIELD 

2 .1  Design Analyses 

- 

"he canted heat s h i e l d  i s  completely enclosed by the b a s i c  lead ing  

edge s t r u c t u r e  and hence i s  i s o l a t e d  from t h e  extern& acous t ic  f i e l d .  

b a s i s ,  t he  i n t e r n a l  acous t ic  l e v e l s  w i l l  be s i g n i f i c a n t l y  a t tenuated  relative t o  

t h e  ex te rna l  f i e l d ,  t y p i c a l l y  on t h e  order of 20 t o  30 db. These cons idera t ions  

i n d i c a t e  t h a t  t h e  c r i t i c a l  environment f o r  t h e  heat s h i e l d  should be t h e  random 

v ib ra t ion  environment and hence t h i s  environment was t h e  only one considered i n  

d e t a i l  i n  t h e  design of t h e  heat sh i e ld .  

On t h i s  

The base l ine  heat s h i e l d  design configuration i s  defined i n  t h e  

drawings of References (a)  and (b) .  

modeled by t h e  f i n i t e  element technique as shown schematically i n  Figure 3. 

nodes shown i n  t h i s  f i gu re  are loca ted  on t h e  b a s i c  polyimide f i b e r g l a s s  panel.  Twenty 

add i t iona l  nodes were loca ted  immediately above these  nodes at t h e  cen te r l ine  

of t h e  Dynaquartz insu la t ion .  

t he  bas i c  dimensions used i n  t h e  ana lys i s .  

This configuration w a s  mathematically 

The 

This arrangement i s  shown i n  Figure 4 along w i t h  

The polyimide panel and t h e  Dynaquartz i n su la t ion  w a s  modeled using 

The s t i f f e n e r s  were represented by genera l  o r thot ropic  p l a t e  bending elements. 
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beam elements t o  include the  e f f ec t  of t h e  beah e l a s t i c  axes being o f f se t  from 

the  center l ine of the  polyimide panel. 

rectangular s o l i d  element whose formulation assumes a l i n e a r  var ia t ion i n  dis- 

placement between the  eight nodes bounding t h e  element. 

sect ion propert ies  used as inputs t o  these f i n i t e  element descriptions are pre- 

The s t r a i n  i s o l a t o r  was modeled by a 

The material and/or 

sented i n  Figure 5 .  

The random vibrat ion response analysis was conducted using the  

f i r s t  ten  modes of t he  heat shield.  A summary of the frequencies of these modes 

and t h e i r  response par t ic ipa t ion  i s  presented i n  Figure 6. 

modes are the  primary contributors t o  the  induced s t r e s ses ,  these modes a re  a l so  

shown graphically,  i n  Figures 7 and 8 i n  terms of the  displacements of t he  bas ic  

polyimide panel. In  t h e  response analysis ,  a modal equivalent damping f ac to r  of 

0.02 w a s  used f o r  each of the  modes t o  insure a conservative estimate of t he  

response. 

Since t h e  f irst  two 

A large number of var ia t ions i n  t h e  major heat  sh i e ld  design 

parameters were considered i n  t h e  response analyses i n  an attempt t o  a r r ive  at a 

viable  design. These parameter s tudies  showed tha t  t he  number of insulat ion 

t i l e s  and t h e  thickness of the s t r a i n  i s o l a t o r  were the control l ing variables i n  

defining t h e  c r i t i c a l  stress i n  the  insulat ion weak direct ion.  

o f  these two parameters i s  shown i n  Figure 9 f o r  a 4-tile and a 6- t i le  heat sh i e ld  

configuration. On the  basis of these r e s u l t s ,  t h e  4 t i l e  configuration with an 

i s o l a t o r  thickness of 0.20 inches w a s  chosen as the  f i n a l  design configuration. 

The influence 

The calculated d is t r ibu t ion  of RMS stresses i n  the  insulat ion 

weak direct ion i s  shown i n  Figure 1 0  f o r  t h e  f i n a l  design configuration. As can 

be seen, t h e  m a x i m u m  stress occurs i n  t h e  center of  t he  panel near t he  edge of 

a t i l e .  The s t r e s s  l e v e l  a t  all other  points i n  the  t i l e  are s igni f icant ly  below 



T-143-DIR- 3-1 
Page 4 

t h i s  leve l .  

A summary of the  m a x i m u m  calculated s t r e s ses  f o r  a l l  components 

of t he  f i n a l  heat  sh i e ld  desi@ configuration i s  shown i n  Figure 11. 

calculated 3c s t r e s ses  are  w e l l  below t h e  material allowables f o r  all of t h e  

components. 

These 

2.2 Random Vibration Tests 

I n  order t o  gain confidence i n  the  a b i l i t y  of the Dynaquartz 

insu la t ion  material  t o  withstand t h e  f l i g h t  vibration environment, pa r t i cu la r ly  

from the standpoint of fa t igue  f o r  which no tes t  data is  avai lable ,  random 

vibrat ion t e s t s  were conducted on two tes t  a r t i c l e s  which approximated t h e  dynamic 

characterist ics of  the ac tua l  heat shield.  It should be noted, however, t h a t  

the f irst  na tura l  mode of each of these t e s t  a r t i c l e s  has a higher na tura l  

frequency and grea te r  curvature at the  center of the a r t i c l e  than 

i s  t h e  case for t h e  actual  heat shield.  The second of these f ac to r s  should 

result i n  grea te r  induced stresses i n  t h e  insulat ion material  than would occur 

on t h e  heat sh ie ld .  

The f irst  of these two tes t  a r t i c l e s  is  shown i n  Figure 12. It 

consisted of  a f iberg lass  panel and s t i f f ene r s  t o  which w a s  bonded two 1-3/8" 

th ick  t i l e s  of 1 0  PCF Dynaquartz through a 1/4" thick RL1973 foam s t r a i n  i so l a to r .  

This component was configured t o  represent a full span (14.6 i n . )  of one of t he  

four bays of  t h e  canted heat shield.  

The vibrat ion input was  normal t o  the  plane of t h e  panel s ince t h i s  

axis produces c r i t i c a l  loads i n  the insulat ion.  In  accordance with an i n i t i a l  

understanding with NASA/MSC, t h e  m a x i m u m  response w a s  held t o  approximately a 

l e v e l  of 32 GRMS overal l .  

at the  center of the  panel but under ac tua l  t e s t  conditions the peak of 31 GHMS 

occurred at one end of t h e  panel. 

It was ant ic ipated that  t h i s  peak response would occur 

A l e v e l  of 26 GRMS was measured a t  t h e  center 

of t he  panel with a corresponding l e v e l  of 17  GRMS a t  t he  opposite end. This 
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result w a s  later determined t o  be due t o  loca l  impacting resu l t ing  from a gap 

between two of  t h e  rivets which fastened one of t h e  s t i f f e n e r s  t o  t h e  panel. 

Acceleration spec t ra l  density (ASD) p lo t s  of each of t he  acceler- 

ometer outputs are shown i n  Figures 13, 14 and 15. These p l o t s  show t h a t  i n  t h e  

f i rs t  natural  mode of vibrat ion (170 Hertz),  the  peak response w a s  i n  t he  center 

of the panel with approximately equal responses occurring at the  two ends. 

high overa l l  vibrat ion l eve l  measured at the  r igh t  end is  e n t i r e l y  due t o  

response i n  t h e  higher frequency regime. 

The 

The s igni f icant  fac tor  t o  note from these ASD p l o t s  i s  tha t  at 

t h e  f i r s t  two resonant frequencies (170 and 500 Hz), t h e  response spectrum 

peaks a t  a l e v e l  of approximately 10 g2/Hz. 

than the  design spectrum l e v e l  presented i n  Figure 1. 

This i s  an order of magnitude grea te r  

These l eve l s  resul ted i n  f a i l u r e  of one t i l e  at t h e  bondline within 

two minutes and f a i lu re  of t he  second t i l e  i n  three minutes. This i s  equivalent 

t o  7 t o  10  missions considering the  frequencies involved. Fai lure  occurred at 

the center of t he  panel i n  the  Dynaquartz adjacent t o  t h e  bondline. This i s  

exactly where analysis predicts  m a x i m u m  stresses. It appears that  these were 

fa t igue  failures because minutes of t e s t ing  were required t o  produce f a i lu re .  

In  an e f f o r t  t o  prove tha t  a feas ib le  design and insu la t ion  attach- 

ment technique can be accomplished f o r  the  leading edge segment, t h e  tes t  component 

w a s  redesigned using analysis r e su l t s  t o  define the modifications which would 

achieve maximum improvements i n  t h e  insulat ion fat igue l i f e .  The design changes 

included were as follows: 

(1) 

(2) 

(3) 

T i l e s  were reduced i n  s i ze .  

S t r a in  i so l a to r  thickness was doubled 

The density (and therefore  s t rength)  of  t he  insu la t ion  was 

increased. 

The s t i f I e n e r s  were bonded t o  t h e  panel. ( 4 )  
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The redesigned tes t  a r t i c l e  i s  shown i n  Figure 16. 

On t h e  bas i s  of t h e  results obtained from the  first t e s t  a r t i c l e ,  

further discussions on the  tes t  environment between VMSC and NASA/MSC resu l ted  

i n  a revision t o  remove much of t he  conservatism of the f i rs t  t es t .  It w a s  agreed 

t o  l i m i t  t he  ASD of t he  response of t h e  a r t i c l e  i n  i t s  f i r s t  two modes t o  a 

l e v e l  of 2.25 g2/Hz, which includes a 1 .5  factor  of safety t o  account f o r  current 

unknowns. 

new ground rules, the  second a r t i c l e  was tes ted .  

The component w a s  exposed at two leve ls .  

No requirements were placed on the  overa l l  (RMS) leve ls .  Using these 

For t h e  first exposure 

(designated Run #1>, the  ASD of t h e  response was l imited t o  1 g2/Hz i n  t h e  center 

of the panel where the m a x i m u m  response occurred. The corresponding ove ra l l  

l e v e l  was 18.5 GRMS. 

were 16.7 and 15.8 GRMS, respectively.  

meters are shown i n  Figures 17, 18 and 19, 

simulate 100 missions. 

resonant frequency t o  t es t  a r t i c l e  resonant frequency and assuming 30 second 

exposure pe r  f l i g h t  i n  the  actual  f l i g h t  environment. 

A t  the  l e f t  and r igh t  ends of t he  panel, t h e  overa l l  levels 

The ASD p l o t s  f o r  these th ree  accelero- 

The test  duration w a s  36 minutes t o  

This t i m e  was arr ived at by t h e  r a t i o  of t h e  heat sh i e ld  

The second exposure (designated Run #2) w a s  conducted a t  a nominal 

ASD l e v e l  of 2.25 g2/Hz at t h e  primary resonant frequencies of 143 and 468 H e r t z .  

A t h i r d  resonance at 175 H e r t z  peaked at a l e v e l  of 1 g2/Hz. 

minute t e s t  run, some var ia t ions i n  spec t r a l  l eve l s  and frequency d is t r ibu t ions  

occurred. The ac tua l  response spec t ra  achieved at the  three  accelerometer loca- 

t ions  are shown i n  Figures 20, 21 and 22 f o r  t h e  start  of t h e  run and i n  Figures 

23, 24 and 25 f o r  t he  end of t h e  run. 

vibrat ion l e v e l  at t h e  point of maximum response varied from a minimum of 25.8 

GRMS t o  a m a x i m u m  of 29.7 GRMS overa l l  w i t h  t he  average being on t h e  order of 

During t h e  36 

As indicated on the  f igures ,  t h e  ove ra l l  

27 GRMS. 
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No f a i lu re s  w e r e  observed at any locat ion on the  component after 

the completion of these two t e s t  exposures, even though one of  t h e  t i l es  used 

i n  the  component had known gross flaws. This suggests t h a t  all of t h e  modifi- 

cations included i n  t h e  redesigned component were not required. This conclusion 

i s  also indicated by t h e  analysis results. A t  any r a t e ,  t he  test did serve t o  

demonstrate t h e  f e a s i b i l i t y  of achieving a heat sh ie ld  design capable of surviving 

the  Shut t le  dynamic loads environment. 

3.0 UPPER ACCESS PANEL DESIGN ANALYSIS 

The upper access panel, R e f .  ( c ) ,  i s  d i r ec t ly  exposed t o  t h e  

external  acoustic environment defined i n  Figure (2) .  Due t o  t h i s  f a c t ,  t h e  

acoustic environment f o r  t h i s  panel i s  more c r i t i c a l  than t h e  random vibrat ion 

environment and, hence w a s  t he  only one considered i n  t h e  design. 

For purposes of analysis ,  the component was  assumed t o  consis t  of 

a 16 x 15 inch t i tanium panel with a thickness of 0.063 inches and a 0.20 inch 

thickness of s t r a i n  i s o l a t o r  supporting four t i l e s  of Dynaquartz insu la t ion  

varying i n  thickness from 1.30 inches at the forward edge t o  0.70 inches at t h e  

af t  edge. 

t o  support' t h e  two edges of t h e  panel. 

I n  addition, 0.063 inch thick t i tanium s t i f f e n e r s  were considered 

These s t i f f e n e r s  var ied i n  depth from 

a minimum of 1 .0  inches t o  a m a x i m u m  of  1.70 inches. 

The f i n i t e  element model of t h i s  configuration is shown i n  

Figure 26. A s  indicated i n  t h i s  f igure ,  the  panel was assumed t o  be symmetric 

about the  center l ine and hence only half of t h e  panel w a s  modeled with appropriate 

symmetry constraints  along t h i s  center l ine.  The element types used i n  the  model 

and t h e  method of representing t h e  s t r a i n  i s o l a t o r  and insulat ion t i l es  were 

iden t i ca l  t o  t h a t  used i n  modeling the  canted heat  sh i e ld  and, therefore ,  w i l l  

not be repeated here.  
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The acoustic response anal .sis w 3 condu t ed  using the  f i rs t  t e n  

modes of t he  access panel. A summary of the  frequencies of these modes and t h e i r  

response par t ic ipa t ion  i s  presented i n  Figure 27. 

fac tors  of 0.02 were assumed i n  t h e  analysis .  

Again, modal equivalent damping 

The calculated d is t r ibu t ion  of RMS s t r e s ses  i n  the  insu la t ion  weak 

As can be seen, t h e  m a x i m u m  stress again occurs direct ion i s  shown i n  Figure 28. 

i n  t h e  center of t h e  panel along the  edge of a t i l e .  

A summary of t h e  maximum stresses calculated fo r  a l l  components 

of t h e  upper access panel i s  presented i n  Figure 29. 

s t r e s ses  a re  w e l l  below the  mater ia l  allowables f o r  a l l  of t he  components. 

4 .0  

These calculated 3 6  

LOWER SUPPORT LUG INSULATION 

Due t o  i t s  in t e rna l  loca t ion  and s m a l l  f ron ta l  area, t h e  lower 

-._I 

support l ug  and the insulat ion surrounding it are c r i t i c a l  r e l a t i v e  t o  the  

random vibra t ion  environment. On t h i s  b a s i s ,  only t h i s  environment w a s  con- 

s idered i n  the  l u g  response analysis.  

One-half of t h e  lower support lug  i s  shown i n  Figure 30. The 

other  h a l f  i s  iden t i ca l .  Thermal insu la t ion  mater ia l  i s  attached between these 

two halves by means of a 0.10 inch thickness of s t r a i n  i so l a to r .  

i n  continuity between the two halves such tha t  any r e l a t i v e  motion results i n  

d i rec t  loading of t h e  insulat ion through the s t r a i n  i so l a to r .  

T h i s  results 

A simple, one-mode analysis was performed t o  determine t h e  FM3 

di%placement response of the  lug t o  t h e  design random vibrat ion environment. 

This displacement w a s  then used t o  ca lcu la te  t h e  stresses induced i n  the  entrapped 

insulat ion through the  mechanism of the  s t r a i n  i so la tor .  

The s t i f f n e s s  d is t r ibu t ion  used f o r  determining the  f irst  mode 

of t h e  lug i s  shown i n  Figure 31. 

approximated by a simple, s t r a i g h t  beam whose bending r i g i d i t y  w a s  adJusted 

As can b e  seen from t h i s  f i g w e ,  t h e  lug w a s  
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t o  account for  the  s teps  and f o r  t he  tapered cross sections.  The frequency 

of the first mode w a s  calculated t o  be 470 Hertz. 

Using the  c r i t e r i a  of a 32 GRMS peak response i n  th i s  mode, 

the  resul t ing deflection was  determined t o  be 0.0014 inches (RMS) .  

f l ec t ion  gives a resul tant  s t r e s s  l eve l  i n  the  ' insulation material  of 0.85 

PSI (RMS). 

4 ps i  allowable f o r  Dynaquartz. 

"his de- 

The 3 C  s t r e s s  i s  then 2.55 psi .  This i s  well  below the  weak direct ion 

i 
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